Abstract-We propose a new formulation for high-efficiency modes of power amplifiers in which both the in-phase and outof-phase components of the second harmonic of the current are varied, in addition to the second-harmonic component of the voltage. A reduction of the in-phase component of the second harmonic of current allows reduction of the phase difference between the voltage and current waveforms, thereby increasing the power factor and efficiency. Our proposed waveforms offer a continuous design space between the class B/J continuum and continuous F −1 achieving an efficiency of up to 91% in theory but over a wider design space than F −1 . These waveforms require a short at third and higher harmonic impedances, which are easier to achieve at higher frequency. The fabricated amplifier using a GaN HEMT CGH40010F achieves 79.7% drain efficiency and 42.2-dBm saturated output power at 2.6 GHz, which gives a frequency weighted efficiency of 92.4%
I. INTRODUCTION
T HE class B/J continuum for amplifier design, first proposed by Cripps et al. [1] , utilizes the second harmonic of voltage to increase the fundamental component through the device. An increase in the magnitude of this second harmonic by a factor of α/2, where α ∈ [−1,1], increases the fundamental component by √ 1 + α 2 . However, such an approach does not benefit the efficiency nor the output power of the amplifier because of the corresponding increase in mismatch between the phase of the fundamental components of voltage and current [2] . The only benefit of class B/J continuum is its flexibility of design space.
Shaping the drain current waveform for a high quadrature second-harmonic component by generating suitably phased harmonics at the input voltage via a varactor diode is shown to reduce the phase mismatch and increase efficiency [2] . On the other hand, continuous class F −1 (CCF −1 ), proposed by Kim et al. [3] , relies on load impedances to eliminate the in-phase component of the second harmonic and manipulation of the quadrature component of the second harmonic of the current in class J. The voltage waveform of CCF −1 is the same as that in class J for |α| = 1 but with fundamental and second-harmonic components phase shifted by π/4 and π/2, respectively. This shift reduces the phase mismatch from π/4 in class J to 0 in class F −1 , thereby increasing the power factor. As a result, the drain efficiency (DE) of class F −1 is 91% as opposed to 78.5% in class J with a short at third and higher harmonics. These classes represent two extremities of manipulating the second harmonic of the current. We propose a new contiguous set of current waveforms between these classes whereby the in-phase component of the second harmonic of the current in class J is partially removed to achieve higher efficiency than class J.
II. FORMULATION The drain current in a class B/J continuum is [1] 
where I m is the maximum current of the device. The fundamental and second-harmonic load impedances result in removal of the second-harmonic component (i 2 (θ )) from I DS( J ) (θ ) [3] . The resulting drain current of the device (I DS (θ )) is given as 
where p is an integer. We express i 2 (θ ) as in the following equation, wherein the in-phase component of the second harmonic of the current in class J is partially removed by a factor (k):
where C Q is an arbitrary real number. The minimum of |C Q | is zero and the maximum it can attain is such that the peak current of [3] . I DS (θ ) can be approximated as
where
where we define β as C Q /A i1 . The phases of the fundamental (θ 1 ) and second-harmonic (θ 2 ) components of the current are
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We propose drain voltage waveforms with a phase of ±π/2 at the second-harmonic frequency, so that the load at the second harmonic is purely reactive, and remains above the knee voltage (V k ) for all values of k in the following equation:
This voltage waveform is obtained by shifting the fundamental and second-harmonic components of the voltage waveform of class B/J by θ 2 /2 and θ 2 , respectively, giving an overall phase difference between the fundamental components of the current and voltage waveforms pf as
where pf( J ) is the phase difference between the current and voltage waveforms in class J. As k is increased from 0 to 1, from (7), θ 2 increases from 0 to π/2 if β is positive or 0 to −π/2 if β is negative. Hence, by choosing α and β with opposite signs, from (9), it can be observed that θ 2 negates the effect of α in pf( J ) . The voltage and current waveforms in class J and our proposed class for k = 0.52 are plotted in Fig. 1(a) , to demonstrate the reduction in phase difference. β > 0 and β < 0 result in a peaking of current to the right and left, respectively. The output power (P out ) and efficiency (η) can be expressed in terms of the output power (P out|B ) and efficiency (η B ) of class B as
where G V I is defined as the gain in the product of the current and voltage over class B, calculated as
The power factor [cos( pf )], G V I , and efficiency with k are plotted in Fig. 1(b) . The power factor increases due to a reduction of pf as k increases, whereas G V I reduces with k due to the reduction of A i1 with k. The increase in power factor compensates for the reduction in G V I resulting in an efficiency and output power higher than in class B/J; waveforms "A" and "B" marked in Fig. 1 (a) achieve 2% and 9% higher efficiency than class J. Not only the efficiency but also the output power of the proposed mode is higher than class J, in proportion to the efficiency as revealed by (11). On the other hand, adjustment of the loadline to increase efficiency results in a tradeoff with output power, which is not the case in this work. In the extreme case of k = 1 and |α| = 1, which corresponds to CCF −1 , |θ 2 | is π/2, resulting in the minimum phase difference between the fundamental components of the voltage and current, resulting in an efficiency of 91% [3] . θ 1 , θ 2 , and G V I increase with increase in β as seen from (8) and (12), resulting in higher efficiencies in Fig. 1(b) . The increase in θ 1 results in a lower power factor for β = 0.3 than β = 0.1 as k approaches 1.
The maximum allowable value of β (β max ) for a given k and the contours of efficiency (η) with α and k when β = β max are plotted in Fig. 2 . As k increases from 0 to 1, the in-phase components (A i1 and A i2 ) decrease, and hence β max increases. The efficiency can be maintained within 2% over a range of waveforms defined by k, α, and β. The continuum of waveforms for k > 0, except for CCF −1 , have not been previously described. Reducing |α|, while maintaining constant k and β, reduces efficiency and output power because the magnitude of the fundamental component of the voltage decreases. Hence, the minimum |α| required to achieve η > 78% increases with an increase in k due to the reduction of the fundamental component of current. Because these waveforms are contiguous with class J and CCF −1 with both these classes at extremities, the linearity of these modes lies in between these two classes.
III. IMPLEMENTATION AND RESULTS
A 10-W GaN HEMT from Cree, CGH40010F, is chosen for this letter. The device is biased in deep class AB mode (V dsq = 28 V, I dsq = 150 mA), and (α, β, k) = (−0.6, 0.3, 0.7) are chosen for this implementation. The optimal loadline resistance (R opt ) is found to be 38.1 . The impedances at fundamental (Z 1,int ) and second-harmonic (Z 2,int ) frequencies, required to maintain the waveforms are calculated from (4) and (8) , are
The impedances at the extrinsic plane at 2.6 GHz are calculated from Z 1,int and Z 2,int . To account for nonidealities of the device, the corresponding extrinsic impedances at fundamental (Z 1,ext ) and second-harmonic (Z 2,ext ) frequencies are adjusted from load-pull simulations using the vendor model. These impedances are plotted in Fig. 3(a) . The ratios |m(Z 1,int )/m(Z 2,int )| and |m(1/Z 1,int )/m(1/Z 2,int )| are 1.15π and 2π, neither equal to 3π/8 as in class B/J continuum and CCF −1 ; showing a paradigm shift from the conventional continuum. The output and input matching networks are realized on a 0.762-mm-thick R4350B substrate using three stub and stepped impedance topologies, respectively. The measured impedances are plotted in Fig. 3(a) and closely match with the target impedances. The photograph of the designed amplifier is shown in Fig. 3(b) .
The gain, output power, and DE of the fabricated amplifier in Fig. 4(a) , demonstrate 79.7% DE and 42.2-dBm output power at 2.6 GHz. The intrinsic voltage and current waveforms obtained from the harmonic balance simulation and from the theoretical calculation are plotted in Fig. 4(b) . The peaking of current to the right and the increase of the maximum of normalized voltage V DS, in excess of a factor of 2 V, reveal the manipulation of the second harmonic of both the voltage and current waveforms, conforming with theory. The response of the amplifier with frequency is plotted in Fig. 5 , revealing a near flat output power, PAE > 58%, and DE > 65% over a 600-MHz 24% fractional bandwidth, despite being designed narrowband at 2.6 GHz. Its performance is compared with other state-of-the-art amplifiers using the same device in Table I . The designed amplifier achieves higher or comparable frequency weighted efficiency and delivers higher output power over the bandwidth than other amplifiers. In addition, the design methodology presented here requires tuning second harmonic only, whereas the other works in Table I require impedances up to third harmonic while designing the matching network. IV. CONCLUSION A new theoretical formulation for the current and voltage waveforms achieving efficiency ranging from that of class B to class F −1 is proposed. Assisted by second-harmonic manipulation, the mismatch in the phases of fundamental components of voltage and current of these waveforms is lower than in class J. An amplifier designed based on the proposed waveforms achieves 79.7% DE and 42.2-dBm output power at 2.6 GHz. A major implication of the proposed continuum is a wide design space available to designers with simultaneous high efficiency and output power in comparison to CCF −1 or class BJ, thus easing amplifier design.
